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Abstract—We have synthesized hybrid membranes based on N-phosphorylated polybenzimidazole, contain-
ing different percentages of silica (2—20 wt %). The materials have been characterized by scanning electron
microscopy, transmission electron microscopy, thermogravimetric analysis, IR spectroscopy, and imped-
ance spectroscopy. The membranes have been shown to contain silica nanoparticles with a bimodal size dis-
tribution: 3—5 and 20—60 nm. The hybrid membranes have high proton conductivity (9.7 mS/cm at 130°C),
which has a maximum when the dopant content is 2—10 wt %. The phosphonic groups grafted onto the poly-
mer ensure additional hydration of the membranes at increased humidity. The addition of silica helps to
reduce the gas permeability of the membranes by a factor of ~1.5.
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INTRODUCTION

Fuel cells (FCs) are thought to be promising power
supplies for use in stationary and mobile devices owing
to their high theoretical power and chemical-to-elec-
trical energy conversion efficiency. In particular, poly-
mer electrolyte membrane fuel cells (PEMFCs) are of
both fundamental and practical interest as one of the
most convenient types of electrochemical device for
electric power generation [1]. Such an FC contains a
proton-conducting membrane sandwiched between
two porous electrodes. Such membranes should meet
a number of requirements, including high proton con-
ductivity in combination with negligible electronic
conductivity, low fuel permeability, high mechanical
and thermal stability, and the ability to operate at ele-
vated temperatures in order to raise the tolerance of
catalysts to CO impurities [2, 3].

Researchers have examined many polymer systems
for application in FCs and searched for membranes
possessing high transport characteristics. The most
often used commercially available membranes based
on perfluorinated polyelectrolytes (Nafion, Flemion,
and Dow membranes) are expensive, their proton-
conducting properties depend on humidity, and their
maximum service temperature is no higher than 100°C
[4]. The last two problems arise from the fact that pro-
ton transport in such membranes follows the Grot-

thuss mechanism in pores and channels containing a
considerable amount of water [2].

A viable alternative is systems in which proton
transport takes place not in water but in acids. In par-
ticular, phosphoric acid-containing materials are
capable of conducting even at a very low humidity,
through the system of hydrogen bonds formed by acid
molecules [2]. Phosphoric acid-doped polybenzimid-
azoles (PBIs) are successfully used in PEMFCs.
Owing to the basic nature of the polymer, high phos-
phoric acid doping levels can be reached, which
ensures a rather high electrical conductivity at service
temperatures of up to 190°C [5, 6]. The main draw-
back to such materials is that the water forming during
FC operation can leach the acid out of the membrane.

This problem can be resolved by modifying the PBI
polymer with inorganic particles capable of stabilizing
the acid in the polymer matrix [7—10] and by grafting
polymer chains with acid groups [11, 12]. In the latter
case, the polymer is most frequently functionalized
with sulfo groups (—SO;H), which have high acidity.
However, as mentioned above the electrical conduc-
tivity of sulfonic acid polymers is highly dependent on
relative humidity [12]. Grafting ethylphosphonic
groups on a polymer matrix can make the material
conductive at a low relative humidity and less humid-
ity-dependent. In the literature, this issue has been
addressed in a comparatively small number of reports.
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Fig. 1. Structure of PhEPBI.

Sukumar et al. [1] obtained phosphorylated PBI-
based membranes possessing high proton conductiv-
ity, which are regarded as potentially attractive polye-
lectrolytes for FCs.

The polymer matrix used in this work is N-phos-
phonoethylated cardo polybenzimidazole, a polymer
based on 3,3',4,4'-tetraaminodiphenyl oxide and 3,3'-
bis(p-carboxyphenyl)phthalide (PhEPBI) (Fig. 1). Its
conductive properties were the subject of a previous
study, where it was compared to unphosphorylated
PBI [13]. In this paper, we report the preparation and
properties of PhEPBI-based hybrid membranes con-
taining hydrous silica particles.

EXPERIMENTAL

Preparation of PhEPBI composite membranes.
PhEPBI was provided by Dr. I.I. Ponomarev
(Nesmeyanov Institute of Organoelement Com-
pounds, Russian Academy of Sciences). The synthesis
procedure was described in detail elsewhere [14]. The
degree of phosphorylation was 92%. The phosphonic
groups of the PhEPBI were in ethyl form.

PhEPBI-based composite membranes were pro-
duced by casting a polymer solution (4 g/100 mL) in
N-methylpyrrolidone (N-MP, Aldrich) onto a glass
substrate. The polymer solution contained an appro-
priate amount of a precursor (tetramethoxysilane
(TMOS), Aldrich) for silica synthesis and was homog-
enized by sonication for 5 min. After casting, the solu-
tions were dried at 50°C for 48 h and then in vacuum
at 160°C for 3 h in order to remove the residual sol-
vent. The amount of the precursor was calculated so as
to obtain a final content of the oxide from 2 to 20 wt %.
In all cases, we obtained visually homogeneous, robust
films 60—70 um in thickness. Hereafter, the mem-
branes will be denoted as PhEPBI/SiO,-m, where  is
the weight fraction of the oxide in the membrane.

The methoxy groups of TMOS and phosphonic
groups of PhEPBI were hydrolyzed by holding the
membranes in 18% HCI for five days, followed by
washing in deionized water until a qualitative test for
chloride ions was negative. After that, the membranes
were dried at 120°C. For doping with phosphoric acid,
the membranes were held in a 50% H;PO, solution
(KhimMed, extrapure grade) for seven days. As a
result, the weight of the membranes increased by a
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factor of 2.1—2.5 and their elasticity was observed to
increase, while their strength remained sufficient for
subsequent measurements.

Characterization techniques. The phosphoric acid
doping level in the membranes, x (the number of
H,PO, molecules per repeating unit of the polymer),
was determined from the weight of the absorbed acid
as described by Ozdemir et al. [15].

Water absorption was measured by holding the
undoped membranes in water at 25 and 80°C for 24 h.
The samples were weighed before and after the exper-
iment and the amount of the absorbed water was
determined as

m—m,
x= 9

x100%, (1)
my

where m, and m are the sample weights before and

after the experiment.

The morphology of the membranes was examined
by scanning electron microscopy (SEM) on a Carl
Zeiss NVision 40 scanning electron microscope
equipped with an Oxford Instruments X-Max X-ray
detector (accelerating voltage, 0.5 or 1 kV). The
microstructure of the samples was examined on a
JEOL JEM 2100 transmission electron microscope.

Phase compositions were determined by X-ray dif-
fraction on a Rigaku D/MAX 2200 diffractometer
(CuK, radiation).

The samples were characterized by thermogravi-
metric analysis (TGA) using a Netzsch TG 209 F1
thermobalance. Samples weighing 15—20 mg were
placed in platinum crucibles and heated in argon at a
rate of 10°C/min in the temperature range from 25 to
130°C. To determine water content, the samples were
additionally thermostated at 130°C for 2 h. The oxide
content of the membranes was determined by pro-
longed annealing at 800°C, until all of the polymer
burnt out, followed by weighing of the annealing
product.

Fourier transform IR spectra were measured in the
wavelength range 520—4000 cm~! on a Nicolet iS5 IR
spectrometer equipped with a Specac Quest attenu-
ated total reflection (ATR) accessory.

Ionic conductivity was measured with a Z500-PRO
impedance meter (Elins, Russia) at frequencies from
10 to 2 x 10° Hz in potentiostatic mode using a sinu-
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soidal voltage of 100 mV peak and graphite electrodes.
The conductivity was evaluated by extrapolating semi-
circles representing bulk conductivity to the real axis.

In addition, the ionic conductivity was measured as
a function of the relative humidity (RH) of air at a
constant temperature of 90°C in a Binder MKF 115
dynamic climate chamber. Prior to measurements, the
membranes were held for 1 h at each RH value. The
ionic conductivity was measured as a function of tem-
perature in a tube furnace under an air atmosphere in
the temperature range 20—130°C at 10 to 15°C inter-
vals. In all of the membranes, the contribution of dc
electronic conductivity to total conductivity was
within 0.01%.

The gas permeability of the membranes was evaluated
using gas chromatography as described elsewhere [13].

RESULTS AND DISCUSSION

Morphology and composition of the hybrid mem-
branes. The micrograph of a section of a membrane in
Fig. 2a demonstrates that the polymer contains iso-
lated pores. Their formation is probably due to the
presence of inorganic particles and interaction of the
polymer matrix with the silica particles, intensified by
the presence of phosphonic groups grafted onto its
surface. A similar picture was observed in hybrid PBI
membranes containing mesoporous silica [16].
According to electron probe X-ray microanalysis data,
the dopant is uniformly distributed across the mem-
branes (Fig. 2b). Transmission electron microscopy
(TEM) data confirm the formation of silica particles
in the polymer matrix. The micrographs show parti-
cles 3—5 nm in size (Fig. 2¢), evenly distributed over
the membrane. There are also larger particles, 20—
60 nm in size, more rarely encountered, which were
possibly formed in the surface layer of the membranes
[17]. Energy dispersive X-ray microanalysis confirms
the presence of silicon in the composition of the
PhEPBI/SiO, hybrid membranes.

The dopant content estimated via annealing of the
hybrid membranes exceeded the calculated one
(Table 1). X-ray diffraction characterization of the
annealing product showed that it consisted of amor-
phous silica and crystalline SiP,O5 (PDF-2 database,
card no. 390189). The latter resulted from reaction
between the dopant and the phosphonic groups of the
membrane. Its formation led to a considerable weight
gain of the residue.

IR spectroscopy. The IR spectrum of PhEPBI
(Fig. 3) contains bands around 3500 cm~! attributable
to stretching vibrations of N—H groups, slightly
involved in the formation of hydrogen bonds. The
broader band peaking at 3300 cm~! is due to stretching
vibrations of —OH and —NH groups, involved in the
formation of stronger H bonds [18]. The stretching
bands of the C=N groups of the imidazole ring are

Si K,

Fig. 2. (a) SEM image of a section through the
PhEPBI/SiO,-10 hybrid membrane, (b) Si X-ray map of
the section, and (c) TEM micrograph of the
PhEPBI/SiO,-5 hybrid membrane.
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Table 1. Weight percentage of the annealing products of the
PhEPBI/SiO, hybrid membranes

Sample of the caleination resduc
PhEPBI/SiO,-2 4.0
PhEPBI/SiO,-5 73
PhEPBI/SiO,-10 13.8
PhEPBI/SiO,-15 19.8
PhEPBI/SiO,-20 27.6

Table 2. Water content (wt %) and phosphoric acid doping
level (x) of the hybrid membranes

Doping level Water content b
0 17.7 9.2
2 17.5 9.0
5 17.5 8.6
10 17.0 8.8
15 14.0 9.0
20 13.1 9.0

located around 1620 cm™!, those of the benzene ring
are located near 1450 and 1600 cm~!, and those of the
phosphonic groups lie in the range 1150—1280 cm™!
[19, 20]. The participation of silica in the formation of
H bonds leads to broadening and an increase in the
intensity of the —OH and —NH stretching bands in the
spectrum of the hybrid membrane (Fig. 3, spectrum 2).
In the other ranges, the difference between the spectra
of the hybrid membrane and the unmodified PhEPBI

Transmission
i

1000 1500
Frequency, cm™

1 1
3000 3500

1

500

Fig. 3. IR spectra of (/) PhEPBI, (2) the PhEPBI/SiO,-15
hybrid membrane, and (4) the SiO, silica powder; (3) dif-
ference between spectra 2and 1.
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polymer (Fig. 3, spectrum J3) is the spectrum of silica:
the strong absorption bands between 1000 and
1080 cm~! arise from Si—O—Si bonds and the band at
780 cm~! is due to Si—O vibrations.

Water content and phosphoric acid doping level. The
addition of silica leads to a slight decrease in the water
content of the samples and the phosphoric acid dop-
ing level of the hybrid membranes (x, the number of
H;PO, molecules per PBI unit) (Table 2), which is
probably associated with the decrease in free volume
in the polymer on the addition of SiO,. At the same
time, having good sorption properties, the surface of
silica can participate in water and phosphoric acid
sorption. Because of this, these parameters change lit-
tle. Moreover, the interaction of the silica surface with
the NH and phosphonic groups of the polymer leads
to an additional “cross-linking” of the polymer due to
the formation of hydrogen bonds, which can show up
as the narrowing of pore spaces and influence acid
absorption and the water content of the membranes.

Water absorption in the phosphoric acid-free
membranes decreases with increasing oxide content
and heat-treatment temperature: the weight fraction
of the water absorbed by the membrane at 70°C is
32.6% in the case of PhEPBI and decreases to 29.0
and 23.0% on the addition of 2 and 10% SiO,, respec-

tively.

Proton conductivity of the hybrid membranes. With
increasing relative humidity, the conductivity of the
membranes rises (Fig. 4). This is due to the increase in
proton mobility in the “intrapore” solution on
account of the decrease in its concentration on dilu-
tion with sorbed water and to the increase in pore and

24}t
2.6
2.8 1 1 1 1 1 )
0 20 40 60 80 100
RH, %

Fig. 4. Semilog plot of electrical conductivity against
relative humidity at 90°C for the PnEPBI/SiO,-5 mem-
brane.
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Fig. 6. Arrhenius plots of electrical conductivity for PnEPBI membrane samples: (7, 2) reference samples, (3, 5) PhEPBI/SiO,-
5, (4, 6) PhEPBI/SiO,-10. Membranes 2, 5, and 6 were pretreated in a humidified atmosphere.

channel size in the membrane [21]. At temperatures
below 100°C, we observe a tendency for the proton
conductivity of the PhEPBI/SiO, hybrid membranes
to decrease with increasing dopant concentration,
which is due to the decrease in water content.

At the same time, at temperatures above 100°C the
addition of silica leads to an increase in electrical con-
ductivity relative to the undoped PhEPBI membrane
throughout the composition range studied (Fig. 5a).
The maximum increase in conductivity is observed at
2—10% silica. Above 80°C, the conductive properties
of the undoped PhEPBI membrane begin to degrade
(Fig. 5b) as a result of dehydration. At the same time,
this effect in the hybrid membranes is much weaker. It
seems likely that this is due to the increase in the size
of the phosphoric acid-containing pores and channels

as a result of doping. Moreover, the oxide surface can
also be involved in transport processes.

The ability of the membranes to retain phosphoric
acid was assessed by holding them in flowing air with
increased humidity (2 x 10* Pa) at 150°C. Such hold-
ing simulates conditions similar to those under which
FCs operate. After that, the membrane was withdrawn
from the reactor and patted dry while hot to remove
the liquid phase from the surface. The exposure of the
membranes to a humidified atmosphere increased
their electrical conductivity (Fig. 6), which was due to
the absorption of an additional amount of water,
accompanied by an increase in the elasticity of the
polymer. These results differ fundamentally from
those obtained for PBI without phosphonic groups.
Treatment of the H;PO,-doped PBI membrane led to

INORGANIC MATERIALS  Vol. 55
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Table 3. Hydrogen permeability coefficient in some of the H;PO,-free PhEPBI-based composite membrane samples

P, cm?/s

Sample

30°C

50°C

PhEPBI

PhEPBI/SiO,-2

PhEPBI/SiO,-10

(1.58 £ 0.08) x 10~
(1.26 £ 0.06) x 10~8

(8.6 £ 0.4) x 1079

(3.1£0.2) x 10°8
(2.5+0.1) x 1078

(1.69 + 0.08) x 108

a decrease in its electrical conductivity by two orders
of magnitude, whereas the electrical conductivity of
the PBI composite membrane containing silica and
zirconia particles remained constant to within the
measurement error [7]. Above 100°C, the as-prepared
PhEPBI/SiO, membrane and the PhEPBI/SiO,
membrane treated in a humidified atmosphere are
similar in electrical conductivity, which is due to dehy-
dration processes in the samples tested.

Gas permeability. It is worth noting that the incor-
poration of silica into the polymer leads to a decrease
in its hydrogen permeability. In this process, the per-
meability decreases with increasing oxide content
(Table 3). In ion exchange membranes, the reason for
this is that dopant particles force out the electrically
neutral solution, which determines the co-ion and gas
permeability, from the central part of the pores [2].
This situation is rather favorable for the use of mem-
branes in FCs, because this reduces fuel crossover and
power loss.

CONCLUSIONS

We have prepared and characterized hybrid mem-
branes based on N-phosphorylated polybenzimidaz-
ole and silica. The high proton conductivity of such
membranes makes them potentially attractive for use
as polymer electrolytes in FCs at temperatures below
140°C without additional humidification. Moreover,
the addition of silica helps to reduce the hydrogen per-
meability of the membranes.
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